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Abstract 
Spent fuel reprocessing for Fast Breeder Reactor (FBR) requires a dissolver made of a material which is 
resistant to corrosion as the process involves nitric acid as the process medium. The focus was on the 
use of advanced materials with high performance in high concentrations (greater than 8 N) and high 
temperatures of nitric acid employed in the dissolver. The commercially  available materials like SS316l 
, titanium, Ti – 5% Ta, and Ti – 5% Ta – 1.8% Nb were tried and the corrosion behavior of these 
materials was studied in detail. It was also decided to try out Zircaloy – 4 as the material of construction 
due to its excellent corrosion resistance in nitric acid environment. 
    The specifications were stringent and the geometrical configurations of the assembly were very 
intricate. On accepting the challenge of fabricating the dissolver, NFC made different fixtures for 
electron beam (EB) welding and TIG welding. Trials were carried out for optimization of various 
operating parameter for EB welding & TIG welding processes, which were qualified by radiography, 
liquid dye penetrant testing, and metallographic, mechanical and chemical analys es. Finally the 
dissolver was subjected to helium leak test. The tests conducted at IGCAR with Zircaloy dissolver 
assembly revealed that Zircaloy-4 exhibited the superior corrosion resistance over all other materials 
tried out so far for this purpose. The results clearly indicates that Zircaloy – 4 is a near-zero corrosion 
material in comparison to the other materials. It is thus demonstrated that the dissolver assembly for 
spent fuel reprocessing for Fast Breeder Reactor (FBR) can be manufactured from Zircaloy - 4 on an 
industrial scale, with long life expectancy with near zero corrosion, employing EB & TIG welding 
processes.  
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1. Introduction 
Reprocessing of spent nuclear fuel used in fast breeder reactors (FBRs) involves use of nitric acid of 
high concentrations and temperatures for dissolvers and evaporators which are highly corrosive. 
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The materials chosen for the fabrication of such reprocessing plant equipment should possess excellent 
corrosion resistance, ease of fabricability and reliability. Conventional austenitic stainless steels are not 
preferable in such highly oxidizing conditions as they undergo severe intergranular corrosion Extensive 
studies have been carried out world wide for selecting suitable materials for fabrication of equipments 
for highly oxidizing nitric acid applications in spent nuclear fuel reprocessing plants. Studies carried 
out earlier on AISI type 304L SS, nitric acid grade SS, CP-Ti, Ti–5%Ta indicated good corrosion 
resistance of CP-Ti and Ti–5%Ta compared to AISI type 304L SS in highly oxidizing nitric acid , and  
titanium was chosen for fabricating electrolytic dissolver with a dissimilar joint by explosive joining 
process for linking to type 304L SS equipment in the reprocessing of spent fuel from Fast Breeder Test 
reactor (FBTR) at Kalpakkam [1][2]. For future reprocessing plants, based on research and 
international experiences, developmental efforts have been made for the fabrication of dissolvers using  
Ti–5%Ta–1.8%Nb alloy [3]. Zirconium is highly resistant to nitric acid environments   and  is 
considered as candidate material for various applications in spent nuclear fuel reprocessing plants 
involving highly concentrated nitric acid medium. In France, 80 tons of zirconium and 5500 m of 
piping were employed in La Hague reprocessing plant for the manufacturing of various components 
like dissolvers, oxalic mother liquor evaporator and heat exchangers, vitrification dust scrubber, and 
liquid waste treatment reactors [4]. 
    The corrosion resistance of unalloyed titanium improves dramatically as the impurity levels in hot 
nitric acid solutions increases. Titanium exhibits excellent resistance to recirculating nitric acid process 
streams. However, in hot and pure nitric acid solutions and vapour condensates of nitric acid, 
significant corrosion was observed for titanium. Zirconium is much more corrosion resistant to nitric 
acid than titanium, but the only concern with the use of zirconium is its susceptibility to corrosion 
fatigue and stress corrosion cracking (SCC) in highly concentrated nitric acid. Particularly, the heat 
affected zone of zirconium weldments was considered to be more sensitive to SCC. However, Chauve 
et al. [4]  concluded based on tests carried out in nitric acid up to 65 wt% that the risk of stress  
corrosion cracking was extremely low in industrial application.   
    Zirconium and its alloys are extensively used as fuel cladding and for coolant channels in water 
cooled power reactors due to the unique combination of properties like low neutron absorption, good 
ductility, strength and corrosion resistance in high temperature water. Controlled additions of Fe, Cr 
and Sn to Zircaloy-2 lead to a new alloy Zircaloy-4, which has good corrosion resistance in 
water/steam and  also low hydrogen absorption rates . Zircaloy-4 has been proposed in the present work 
as a candidate material for the fabrication of dissolver and evaporator in future fast breeder reactor 
reprocessing plants. The present paper deals with the corrosion behaviour of  Zircaloy-4 in wrought and 
welded forms (manual TIG and EB welding) in boiling 11.5 M nitric acid solution. The results are 
compared with other candidate materials like CP-Ti, Ti–5%Ta and Ti–5%Ta–1.8%Nb. 
2. Process development for fabrication of zircaloy–4 dissolver assembly 
    Highly oxidizing boiling nitric acid medium used in reprocessing plants makes most engineering 
materials unacceptable for process equipment. For applications in a highly oxidizing medium requiring 
high corrosion resistance, special grades such as Nitric Acid Grade (NAG) 304L perform better. 
Zirconium and its alloys display an outstanding general corrosion resistance in nitric acid media and are 
insensitive to intergranular corrosion. In boiling nitric acid, the corrosion rate of zirconium and its 
alloys is considerably lower than that of stainless steel.  
3. Behaviour of Zr alloys in nitric acid 
    Austenitic stainless steels do not display satisfactory corrosion resistance in highly oxidising boiling 
nitric acid media and some occasional intergranular corrosion failures are observed which are ascribed 
to corrosion in the transpassive range. This is aggravated by the presence of oxidising ions such as Cr 
VI and Pu VI. Titanium alloys also display a low corrosion rate in these media, but a specific form of 
corrosion is observed in the vapour phase. Such corrosion appears in the form of white, non-adhesive 
oxide (TiO2) above liquid level in the condensation zone.  Zirconium does not suffer from this 
drawback and helps to solve corrosion problems in these particularly aggressive conditions for stainless 
steels.  
    Zirconium alloys have very low corrosion rates (<0.5mg. dm-2.day-1). The test specimens have a 
uniform brown or black appearance without any s ign of intergranular or local corrosion. This  corrosion  
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resistance does not depend on metallurgical factors such as grain size, cold work, annealing and beta -
quenching temperatures etc. 
    Based on nitric acid corrosion studies carried out on zircaloy samples, a Zr-4 testing system of 10 
litres capacity with provisions for testing samples in liquid, vapour and condensate conditions was 
fabricated at NFC and commissioned at IGCAR to conduct long term corrosion evaluation. Testing 
conducted upto 2000 hrs gave favourable results. Based on this, a full scale dissolver assembly (Mark I, 
Fig. 1) with minor modifications to the CORAL dissolver design was made and supplied to IGCAR. 
 
 
 
Fig 1. Dissolver (Mark I) fabricated and supplied by NFC. 
4. Fabrication of dissolver assembly (Mark II) 
     Zirconium sponge is the major input material for the fabrication of zirconium alloy components 
required for nuclear reactors. Zirconium sponge is mixed with alloying elements in required proportion 
and then consolidated into ingot form by vacuum arc melting     (double melted). 
    Modified Zircaloy-4 dissolver (Mark II) has been made of 46 Nos of components of 29 different 
configurations. It is a U – tubular structure with flange openings at the top and drain outlets at the 
bottom, as shown in Fig 2. 
    The main component of the assembly is a circular tube of dia 114 x 6 mm thick. There are two 
vertical limbs of the U-tubular structure which are connected with a horizontal member of dia 114 x 6 
mm thick tube. And there are 21 Nos of nozzles welded to these two vertical members for different 
applications, viz., charging the load, filing the acidic medium, inlet & outlet for the water jacket, 
temperature and pressure monitoring ports.  
 
Fig.2 Mark II Dissolver  fabricated by NFC 
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    All the major welds are done by EB welding and rest of the welds were done by TIG welding, due to 
limiting factors caused by their geometrical configuration. All the weld joints based on the weld 
configuration were qualified prior to the actual welds. They were tested by radiography, liquid 
penetrant test, weld microstructure, gas analysis of parent and weld materials , and corrosion test on 
weld specimens. During the actual fabrication, major possible welds were tested radiographically. Due 
to the geometrical configuration, the remaining welds were tested using only liquid penetrant test and 
were allowed for further fabrication. After completion of the total assembly, it was subjected to helium 
leak test with an acceptance criterion of < 1x10-08 std.cc/sec and was cleared successfully. The process 
flow sheet is shown in Fig. 3 
5. Effect of process variables on corrosion resistance 
    The material performance under corrosive environment  is a function the material microstructure. 
The microstructure depends on the chemical composition and the manufacturing process of the alloy. 
Characterisation of the material microstructure in relation to the material performance may elucidate 
the mechanisms behind the material performance. This knowledge may be used during selection of 
material and to modify the manufacturing process to get optimum material  performance . To get a 
better mechanistic understanding of the corrosion process, it is important to study the microstructural 
changes. The chemical composition and structure of a zirconium alloy are critical factors that ensure its 
proper functioning in corrosive environment.   
 
 
Fig. 3 Process flow sheet for fabrication of Zircaloy-4 dissolver 
    When choosing a material its microstructure is of crucial importance. The microstructure is in turn a 
function of the material chemistry and the thermomechanical manufacturing processes. The zirconium 
material microstructure is dictated by the material property requirements for a specific component and 
its operation conditions. Thus, proper selection of alloying elements and the manufacturing process 
conditions are crucial to yield the right microstructure resulting in the required properties. This is 
primarily achieved via elements of high solubility in α-Zr (e.g., Sn,O), the ones promoting precipitation 
hardening (e.g., V, Mo) as well as the ones (that form intermetallic phases with zirconium (e.g., Fe, Cr, 
Ni, Cu)  Zirconium with the above alloying elements in combination with an appropriate 
thermomechanical manufacturing process might provide fuel assembly components with high 
mechanical strength and creep resistance.  
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Welding of Zirconium Alloys 
Zirconium and its alloys show good welding characteristics such as: 
Narrow solidification range 
No formation of hot cracks 
Low Young’s modulus resulting in lower residual stresses  
    The only difficulty is to protect the hot metal from contamination due to hydrogen, oxygen and 
nitrogen.  
 
Fig.4 EB Welding Trials for optimization of process parameters  
    Optimization of welding parameters (EB and TIG) was carried out with respect to welding current, 
arc voltage, arc length and argon flow-rate, argon composition and welding speed (Table 1). This was 
ascertained by carrying out process and weld qualification test before making  all the welds on the 
dissolver as shown in Fig. 4. 
    EBW in a vacuum environment of <2x10-4 mbar pressure is the best suited for this alloy as vacuum 
allows only a negligible amount of oxygen, nitrogen or hydrogen inclusions in weld pool and heat 
affected zone. 
 
Table 1 Welding parameter TIG & EB welding 
 
 
 
 
 
 
 
 
 
 
 
Welding 
parameter 
TIG welding EB welding 
Speed 300 mm per min 1000 mm per 
min 
Current 60 A 24 mA 
Voltage – 45 kV 
Gas flow Torch – 8 IGPM 
(50% Argon and 
50% Helium) 
– 
Vacuum – 5 × 10−4 torr 
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6. Welding defects 
    Defects appearing in zirconium welds which could affect the mechanical strength of the weld 
(grooves, lack of penetration, excessive thickness , porosity) can be checked by conventional X-ray 
techniques. Defects can be avoided by careful weld preparation and choice of suitable welding 
parameters. 
A single pass weld is characterised by two main zones: 
 Melted area which has coarse, former beta grains  
 Heat affected zone which has partly reached beta range and partly alpha + beta range 
    In multipass welds, severe beta grain growth can take place with the former beta grains having 
dimensions upto a few millimetres. This leads to increased brittleness and loss of ductility. Depending 
on the cooling rate and other parameters the microstructure and the size and distribution of second 
phase particles will vary with distance from the fusion zone. This will lead to changes in corrosion 
properties.  
7. Microstructure and microhardness 
    Zirconium welds often display brilliant tints ranging from pale yellow to intense blue. The EB 
welding of Zircaloy-4 pipe displayed an intense blue coloured weld region. These stains are caused due 
to interference tints caused by thin oxide layers. Such stains on Zr-welds did not effect the mechanical 
and corrosion properties and they can be eliminated by using very pure inert gas and avoiding 
turbulence.  
    The weld region of the TIG welded Zircaloy-4 exhibited a hardness value of 387 VHN, while the 
hardness in the base metal was only 183 VHN. The weld region of the EB welded  Zircaloy-4 showed a 
hardness value of 197 VHN in the weld region. The increase in the hardness in the TIG weld region 
might be due to increase in oxygen or nitrogen content in the weld region. It has been reported  that 
hardness is raised 10 points by a 140 ppm increase in nitrogen content (for an initial content ranging 
between 20 and 1000 ppm) or by a 200 ppm increase in oxygen content (for an initial content ranging 
between 500 and 4000 ppm). 
    The microstructure from the weld region of TIG and EB welded  Zircaloy-4 samples are shown 
in Fig. 5. The welds exhibited a transformed grain structure or acicular α grains surrounded by prior β 
grain boundaries (Widmanstatten or basketweave structure). The weld region of TIG welded Zircaloy-4 
sample exhibited coarse acicular α structure in comparison to fine acicular structure of EB welded 
sample. This would be attributed to the slower cooling and solidification of TIG welds in comparison 
with EB welds. 
 
 
 
Fig. 5. Microstructure from the weld region of TIG welded and EB welded Zircaloy-4 sample. 
 
8. Corrosion rate and morphology of attack 
 
    The average corrosion rate for five individual periods in liquid, vapour and condensate phases of 
boiling 11.5 M nitric acid for CP-Ti, Ti–5%Ta, Ti–5%Ta–1.8%Nb, Zircaloy-4, Zircaloy-4 TIG weld 
and EB weld samples are shown in Fig. 6 [5]. As the corrosion rates are in close ranges the values are 
also provided in Table 2. Corrosion rates clearly indicated superior corrosion resistance of Zircaloy-4 in 
both wrought and welded conditions in comparison to CP-Ti, Ti–5%Ta and Ti–5%Ta–1.8%Nb. The 
high corrosion resistance of Zirconium and its alloys in highly oxidizing nitric acid is due to stable an d 
adherent ZrO2 film formed on their surface. 
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    The corrosion rates for CP-Ti, Ti–5%Ta and Ti–5%Ta–1.8%Nb in condensate phase was higher than 
those in vapour and liquid phase conditions. In general, titanium exhibits good corrosion resistance in 
boiling concentrated nitric acid medium due to the formation of strong and stable TiO2 film developed 
on their surface. Titanium dissolved as Ti4+ ions and the excessive Ti4+ ions formed in the liquid 
facilitated the formation of such protective TiO2 layer on the surface. However, in condensate/vapour 
phase the formation and accumulation of Ti4+ ions is prohibited due to replenishment of the fresh 
condensed acid formed at frequent intervals. Thus the corrosion rates for Ti and its alloys are higher in 
condensate/vapour phase of nitric acid. White and non-adherent oxide layer is formed above the liquid 
level in the condensation zone of titanium vessels due to the constant trickling of acid condensate 
which prevents the formation of stable and strong oxide film. This is due to lack of Ti4+ ion build up in 
the condensate phase.  
    The corrosion rate of Zircaloy-4 in wrought and weld forms are nearly same in all the three phases 
(<0.0017 mm/y). Unlike Ti and its  alloys, the corrosion rate of Zircaloy-4 and its weldments are similar 
in all three phases and are not affected by the condensate phase. This is because unlike Ti, 
the corrosion resistance of Zircaloy-4 is not influenced by its own ion, i.e., Zircaloy-4 is unaffected by 
trickling condensates above boiling nitric acid. The corrosion resistance of Zirconium is due to the 
formation of strong and adherent protective ZrO2 oxide formation on the surface, in both liquid phase 
and condensate/vapour conditions. It is also not sensitive to changes in concentration of nitric acid, 
concentration of its own ion in solution, small amounts of heavy metal ions, and the crystal structure of 
Zirconium. In the present work a thin and black protective oxide was noticed on the surface 
of Zircaloy-4 and its welds after the corrosion testing. The corrosion rates of weldments of Zircaloy-4 
samples are nearly same, indicating that the corrosion of Zircaloy-4 is not sensitive to microstructure 
(Fig. 6 & Table 2) 
 
 
Fig. 6. The average corrosion rate in liquid, vapour and condensate phases of boiling 11.5 M boiling nitric acid for 
240 h. 
 
Table 2. The average corrosion rate values in liquid, vapour and condensate phases of boiling 11.5 M 
nitric acid for 240 h (Corrosion rate in mm/y) 
 
Material/condition Liquid Vapour Condensate 
CP-Ti plate 0.1592 0.0132 0.2799 
Ti–5Ta plate 0 0.0142 0.0637 
Ti–5Ta–1.8Nb plate 0.0033 0.0063 0.0119 
Zr-4 Plate 0 0.0007 0.0017 
Zr-4 TIG weld 0.0005 0.0012 0.0010 
Zr-4 EB weld 0 0.0015 0.0010 
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    The SEM micrographs of Zircaloy-4, Zircaloy-4 TIG weld and Zircaloy-4 EB weld samples exposed 
to liquid, vapour and condensate phases are shown in Fig. 7. The smooth and compact film present over 
the surface resulted in superior corrosion resistance of Zircaloy-4 and their weldments in all three 
phases in comparison to CP-Ti, Ti–5Ta, and Ti–5Ta–1.8Nb.   
 
 
 
Fig. 7. SEM micrographs of Zr-4, Zr-4 TIG weld and Zr-4 EB weld exposed to liquid, vapour and condensate 
phases of boiling 11.5 M nitric acid for 240 h. 
9. Corrosion resistance of zircaloy-4 and its welds  
    Zirconium is resistant to many powerful acids particularly sulphuric acid, hydrochloric acid, 
phosphoric acid and nitric acid at various concentrations. While reacting with acids zirconium has a 
great tendency to decompose water with the evolution of hydrogen, and dissolves as zirconic ions Zr4+, 
and as zirconyl ions ZrO2+ in very acidic solutions. 
Zr→Zr4++4e                                                                                              (1) 
 
Zr4++2H2O→ZrO2+4H+                                                                                             (2) 
 
    These zirconic ions form stable ZrO2 film on the surface according to reaction (2). Even a marginal 
positive shift in the equilibrium potential could lead to the formation of a 40–200 Å thick oxide film on 
the surface of zirconium. It has been reported that in electrolytes containing oxidizing agents , 
zirconium forms nearly 1000 Å thick oxide film which behaves like an inert surface with high ohmic 
resistance [6]. It is generally acknowledged that the excellent corrosion resistance of zirconium to acids 
has been related to the crystal structure and stability of the ZrO2 film formed. During anodic 
polarization of zirconium, oxide films of various varieties like monoclinic, amorphous and cubic are 
formed depending on the operating conditions. Anodic polarisation in 0.1 N HNO3 has been reported to 
produce passive film of cubic ZrO2. The initial stage in the electrochemical oxidation during anodic 
polarization should be the adsorption of hydroxyl ions, as a result of the positive shift in the potential. 
The film formed, as the potential has been continuously shifted in the positive direction, withstands 
further dissolution of zirconium from the surface. The addition of alloying elements to zirconium and 
their introduction into the zirconium oxide can basically change the properties of the metal and oxide, 
leading to a change in the interaction between metal and oxide. The replacement of oxygen by nitrogen 
in the oxide lattice leads to dilation of the oxide lattice and thus has a negative effect on the matching 
with the lattice of the metal. While the replacement of zirconium ion in the oxide lattice by a tin ion 
leads to the contraction of the lattice and nullifies the negative effect of nitrogen in zirconium alloys. 
The elements Fe, Ni and Cr form insoluble intermetallic compounds that can act as microcathodic 
zones for imparting anodic polarization to the matrix zirconium leading to the development of stronger 
thin layers of ZrO2. It has also been reported that the corrosion rates of zirconium and its alloys were 
extremely low, less than 0.5 mdd for most metallurgical conditions with different microstructural 
features [6]. In accordance with all the above, the results of the present investigation confirmed the 
excellent corrosion resistance of  Zircaloy-4 and its electron beam and tungsten inert gas welds in 
11.5 M nitric acid medium. 
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10. Quality control of welded joints in dissolver 
 Weld joint qualification:  The welds, which are accessible for radiography were checked by 
RT, followed by visual, DPT and helium leak testing. Welds, which are not accessible for 
radiography were qualified by visual, DPT and helium leak testing.  Hardness is also checked 
on weld and heat affected zone, and it is recorded. Final assembly was inspected 
dimensionally and recorded.  
 Helium leak testing was carried out on final assembly (in autoclaved condition) instead of 
pneumatic pressure testing at 20 kg/cm2.  
11. Conclusion 
1.  Zircaloy-4 exhibited superior corrosion resistance in both wrought and welded condition in 
comparison to CP-Ti, Ti–5%Ta, and Ti–5%Ta–1.8%Nb in 11.5 M HNO3. 
2. The corrosion rates of CP-Ti, Ti–5%Ta, and, Ti–5%Ta–1.8%Nb in condensate phase are more than 
those in vapour and liquid phases, while for Zircaloy-4 in wrought and weld forms such behaviour was 
not noticed. 
3. SEM examination revealed insignificant corrosion attack of Zircaloy-4 and its welds in all three 
phases in comparison to CP-Ti, Ti–5Ta, and Ti–5Ta–1.8Nb after testing in liquid, vapour and 
condensate phases. Accelerated corrosion attack was noticed for Ti and its alloys after testing in 
condensate phase. 
4. XPS and SIMS analysis of tested Zircaloy-4 samples indicated significant Zr content in the film with 
contamination by silicon in liquid and condensate phases. Nitrogen was also noticed in the film. 
    The results of the present investigation indicate that Zircaloy-4 could be a candidate material for 
handling nitric acid of high concentrations and temperature in reprocessing plants. The test conducted 
at IGCAR with Zircaloy Dissolver assembly revealed that Zr-4 exhibited the superior corrosion 
resistance over all other materials tried so far for this purpose. The results clearly indicates that 
Zircaloy – 4 is “near zero corrosion material” in comparison to other materials. Hence the dissolver 
assembly for spent fuel reprocessing for Fast Breeder Reactor (FBR) can be manufactured from 
Zircaloy- 4 with EB welding & TIG welding processes on industrial scale with long life expectancy 
with near zero corrosion. 
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